Adverse effects of perfluorooctanoic acid (PFOA) and related perfluoroalkyl acids on pregnancy and development have been suggested based on toxicology (Lau et al. 2007 ) and a small but growing epidemiologic literature (Steenland et al. 2010) . The strongest support from laboratory studies suggests the potential for reductions in fetal growth (Lau et al. 2007 ). Epidemiologic findings on measures of reduced growth are mixed (Apelberg et al. 2007; Fei et al. 2007; Hamm et al. 2010; Nolan et al. 2009; Washino et al. 2009 ), but generally consistent with a small decrement in birth weight associated with higher levels of serum PFOA. Duration of gestation has not been related to PFOA in these same studies (Apelberg et al. 2007; Fei et al. 2007; Hamm et al. 2010 ). More extreme, clinically consequential end points of fetal growth restriction and preterm birth have been examined less extensively and often with limited statistical power; none of the human studies support an association (Fei et al. 2007; Hamm et al. 2010; Nolan et al. 2009 ). Given ubiquitous exposure, suggestive toxicologic data, and limited epidemiologic research, continued examination of the potential association between PFOA and pregnancy outcomes is warranted.
A large population in Ohio and West Virginia has been exposed to PFOA predominantly through industrial contamination of drinking-water supplies (Frisbee et al. 2009) . Within this population, PFOA exposure varies considerably across time and place because of different levels of PFOA contamination in the drinking water, depending on the year and the water district, enabling accurate estimation of serum levels by linking residential histories and historical drinking-water concentrations. The resulting range of PFOA levels are well above background exposure (Steenland et al. 2009 ), which may allow for a more informative assessment of the impact of PFOA exposure on birth outcomes.
For participants in the C8 Health Project-a survey conducted in the contaminated region (Frisbee et al. 2009 )-we previously analyzed a small number of births using serum PFOA measurements (Stein et al. 2009 ) and a much larger number using modeling to assign estimated serum PFOA levels (Savitz et al. 2012) . In this report, we used two approaches to evaluate births in the region. The first provides comprehensive coverage of the study area, but is subject to some exposure misclassification. The second sacrifices some of the sample size, but has improved exposure measurement. Both studies rely on birth certificates for assessment of health end points and use the same environmental/pharmacokinetic models to estimate PFOA exposure.
Study I: PFOA and Pregnancy Outcome Based on Birth Records

Methods
The study area in the mid-Ohio Valley was chosen to include PFOA-contaminated public water utilities in Mason and Wood counties in West Virginia and in Athens, Meigs, and Washington counties in Ohio, where levels ranged from near U.S. averages to orders of magnitude above typical levels (Frisbee et al. 2009 ). We obtained computerized live birth records with geographic identifiers from the Ohio and West Virginia health departments, and fetal death records from West Virginia Background: Perfluorooctanoic acid (PFOA) is a potential cause of adverse pregnancy outcomes, but previous studies have been limited by low exposures and small study size. oBjectives: Using birth certificate information, we examined the relation between estimated PFOA exposure and birth outcomes in an area of West Virginia and Ohio whose drinking water was contaminated by a chemical plant. Methods: Births in the study area from 1990 through 2004 were examined to generate case groups of stillbirth (n = 106), pregnancy-induced hypertension (n = 224), preterm birth (n = 3,613), term low birth weight (n = 918), term small-for-gestational-age (SGA) (n = 353), and a continuous measure of birth weight among a sample of term births (n = 4,534). A 10% sample of term births ≥ 2,500 g were selected as a source of controls (n = 3,616). Historical estimates of serum PFOA were derived from a previously developed fate and transport model. In a second study, we examined 4,547 area births linked to a survey with residential history data. results: In the analysis based only on birth records, we found no consistent evidence of an association between estimated PFOA exposure and stillbirth, pregnancy-induced hypertension, preterm birth, or indices of fetal growth. In the analysis of birth records linked to the survey, PFOA was unrelated to pregnancy-induced hypertension or preterm birth but showed some suggestion of an association with early preterm birth. Measures of growth restriction showed weak and inconsistent associations with PFOA. conclusions: Based on the analysis using the health survey, these results provide little support for an effect of PFOA exposure on most pregnancy outcomes, except for early preterm birth and possibly fetal growth restriction. only (unpublished data). We restricted the analysis to pregnancies that occurred from 1990 through 2004 because that is the period when the contrasts were highest between exposures resulting from contaminant releases and background sources (Shin et al. 2011a) .
Because of the expense involved with refining address information and geocoding maternal residences, which is the basis for assigning exposure, we used case-control sampling to enhance precision for some of the birth outcomes of interest. We restricted eligibility to singleton births and excluded the small proportion (3%) of nonwhite births because there were too few to analyze separately. Comprehensively identified case groups consisted of stillbirths (fetal death ≥ 20 weeks completed gestation), preterm births (< 37 weeks completed gestation), and term low birth weight births (≥ 37 weeks completed gestation and birth weight < 2,500 g). A 10% sample of term births ≥ 2,500 g (n = 3,616) was selected and geocoded for assigning PFOA exposure.
To efficiently select control groups and expand the range of birth outcomes, we first constructed a stratified 10% random sample of the entire population of live births by combining the 10% sample of all term live births ≥ 2500 g with a 10% random sample of the comprehensively identified preterm cases and term low birth weight cases (the case groups described above) (n = 4063). Pregnancyinduced hypertension cases, term small-forgestational-age (SGA) cases, and term birth weight births were identified exclusively from the 10% random sample of births. Control groups for each of the outcomes were derived as noncase subsets from the 10% random sample of the entire population of live births.
We conducted a series of case-control analyses: a) stillbirths (n = 106) compared with West Virginia live births (n = 1,844) because stillbirth information was available only from West Virginia; b) pregnancy-induced hypertension cases (n = 224) compared with births without pregnancy-induced hypertension (n = 3,828); c) preterm birth cases < 37 weeks (n = 3,613) and < 32 weeks (n = 491) corresponding to all preterm and very preterm births, respectively, compared with term births (n = 3,695), with assignment based on clinical assessment of gestational age; d) term low birth weight cases (n = 918) compared with term births ≥ 2,500 g (n = 3,616); and e) term SGA cases [births < 10th percentile by gestational age and sex (Oken et al. 2003 )] (n = 353) compared with term appropriate-for-gestational-age births [births between the 10th and 90th percentiles, inclusive, by gestational age and sex (Oken et al. 2003 )] (n = 2,990). In addition, we analyzed a continuous measure of birth weight among term births (n = 4,534).
The exposure metric used in the analysis is modeled serum PFOA concentration of the mother estimated for the early pregnancy period. The methods for estimating individual serum PFOA concentrations are described in detail elsewhere (Shin et al. 2011a (Shin et al. , 2011b . Briefly, information on plant operations and chemical releases was combined with environmental characteristics of the region through a series of linked models to estimate air and water concentrations of PFOA from 1951 through 2008 (Shin et al. 2011a) . Geocodes for birth residences were used to determine whether drinking water in participants' homes was supplied by public water sources or private wells. When addresses could be geocoded only at the ZIP code level, an average exposure measure was calculated based on the proportion of the ZIP code population that was supplied by contaminated drinking water. With these estimated environmental levels of PFOA based on the geocoded maternal address, individual maternal serum levels for each pregnancy were estimated using age-and sex-based pharmacokinetic modeling with standard assumptions about water intake, body weights, and a PFOA half-life (Shin et al. 2011b ).
Because we had only the residence listed on the birth certificate for the mother-not a residential history-and serum levels at a given time depend on exposure history, we assumed that she had lived in this location for the previous 6 years, which would account for approximately 63% of her serum concentration given a stable exposure rate and an estimated serum half-life of PFOA of 3.5 years ). Moving within the same public water supply district would have little or no impact on the estimated serum values, but moving across water districts or especially from more distant locations would lead to exposure misclassification.
We were able to geocode the maternal address listed on the birth certificate to the street level for 66% of births and to the ZIP code level for the remaining 34%, with little variation in these proportions by case or control status. We found a high correlation between the exposure estimate using street level geocode and ZIP code averages (r = 0.84), indicating modest loss of information from lack of street level assignment. To make optimal use of the available data, we used the ZIP code average exposure and other information from the birth certificate (maternal education, maternal age, parity, tobacco use, exposure year, residential state) to impute a new exposure estimate for the pregnancies with ZIP code geocodes only (n = 2,780). We used multiple imputation to generate 20 replications to obtain accurate information on the variability in the imputed values (Graham et al. 2007 ). Markov Chain Monte Carlo imputation was used with 200 burn-in iterations and 100 iterations between each imputation. The parameter estimates and standard errors determined from each imputed data set were pooled into a final parameter estimate and variance (Rubin 1987) . Missing covariate data on maternal age (n = 2), maternal education (n = 61), parity (n = 6), and tobacco use (n = 64) were also imputed. The primary analyses incorporate the exposure estimates for the street-level geocode (66%) and the imputed exposure estimate when only ZIP code geocodes could be assigned (34%). In sensitivity analyses we considered the impact of restricting to births with exposure estimates based on street-level geocodes only and no missing covariate data.
Estimated serum PFOA concentrations were generated by calendar year, with the relevant exposure year for each pregnancy considered to be month 3 of gestation for stillbirths and month 4 for live births. The estimated serum PFOA level at the time of pregnancy was skewed, so we considered serum PFOA estimates as a continuous log-transformed measure, a continuous untransformed measure, and in quintiles of exposure. We aggregated the lowest two quintiles as the reference category for analysis because those quintiles covered a modest range typical of U.S. serum levels and our exposure estimates are best able to differentiate individual exposure at higher levels resulting from consumption of locally contaminated water.
We adjusted all analyses for maternal age (splines with 3 degrees of freedom), education (< 12, 12, 13-15, ≥ 16 years), parity (0, 1, ≥ 2), tobacco use (smoker, nonsmoker), exposure year (splines with 4 degrees of freedom), and state of residence (Ohio, West Virginia). In addition, we included gestational age (37, 38, 39, 40, 41, ≥ 42 completed weeks) as a covariate in the analysis of birth weight among term births.
For the binary outcomes, we used logistic regression to estimate the odds ratio (OR) and 95% confidence interval (CI) associated with PFOA exposure, using the log-transformed value to generate ORs for an interquartile shift from the 25th to 75th percentile, and the untransformed variable used to generate ORs per 100-ng/mL shift and for quintiles (comparing the 3rd, 4th, and 5th with the aggregated 1st and 2nd quintiles). Both crude and adjusted effect estimates were generated. We used multiple linear regression to estimate the association between PFOA and birth weight, using the same measures of estimated PFOA exposure described for the categorical outcomes. All statistical analyses were conducted using SAS version 9.2 (SAS Institute Inc., Cary, NC) and R version 2.12.1 (R Project for Statistical Computing, Vienna, Austria).
Results
Births were nearly evenly divided by calendar period and by state (Table 1) . Estimated exposure to PFOA tended to be higher for births that were more recent, among older mothers, more highly educated mothers, nonsmokers, and West Virginia residents (Table 1) .
Stillbirth was unrelated to PFOA exposure based on either continuous or categorical exposure measures (Table 2) . Although there was some suggestion of an increased risk based on the untransformed measure (OR = 1.20 per 100 ng/mL; 95% CI: 0.86, 1.68), the lack of gradient across quintiles does not support an association. Pregnancy-induced hypertension was unrelated to PFOA exposure regardless of metric (Table 2) . Preterm birth was not associated with PFOA (Table 3) .
PFOA was not related to risk of term low birth weight, with some suggestion of a reduced risk of SGA with higher exposure but no gradient across quintiles (Table 4) . Birth weight among term births was largely unrelated to estimated PFOA (Table 4) . There was a suggestion of a modest decrease (59) 517 (56) 196 (56) 4,643 (56) 6.3 (4.6, 13.4) Age (years) < 20 18 (17) 29 (13) 602 (17) 186 (20) 75 (21) 1,330 (16) 6.7 (4.7, 13.5) 20-24
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Methods
The C8 Health Project enrolled > 69,000 residents of the mid-Ohio Valley who were part of a class action lawsuit, administered a questionnaire eliciting health and residential history information, and collected blood to measure serum levels of perfluoroalkyl acids and clinical health markers. Geocoding had already been attempted for every residential address in the C8 Health Project (Shin et al. 2011b ). We sought to link births from 1990-2004 birth certificates in a 13-county region in West Virginia (Cabell, Jackson, Mason, Pleasants, Putnam, Ritchie, Wirt, and Wood counties) and Ohio (Athens, Gallie, Meigs, Morgan, and Washington counties) to self-reported births in the C8 Health Project. This 13-county region encompasses the 5 counties included in study I. We considered a match to be accurate based on consistency between the birth certificate and C8 Health Project information for one of three combinations: a) mother's county and state of residence + mother's date of birth + month and year of infant's birth + infant's sex; b) mother's county and state of residence + mother's age + mother's first name, middle initial, last name + month and year of infant's birth + infant sex; or c) mother's county and state of residence + mother's address + mother's age + month and year of infant's birth + infant sex. This process yielded 3,323 matched births. We extended the matching through the West Virginia Birth Score project, a program of the West Virginia Department of Health (2012) to identify infants at risk of developmental problems. Using the mother's Social Security number as well as other birth certificate items, Birth Score was able to identify an additional 1,224 matched births through 2004, yielding a total of 4,547 birth certificates linked to the C8 Health Project for analysis.
We used the same environmental/ pharmaco kinetic models from study I to generate annual exposure estimates, except that the link to the C8 Health Project enabled us to incorporate lifetime residential history, thus reducing exposure misclassification (Shin et al. 2011a (Shin et al. , 2011b . We examined the model-based exposure estimates, a Bayesian time-dependent calibration in which the measured 2005-2006 serum concentration was used for updating estimates (Savitz et al. 2012) , and a traditional calibration method assuming that a higher-than-expected 2005-2006 serum concentration reflects an entire lifetime of higher-than-expected exposure. As in study I, we considered a log-transformed continuous measure, an untransformed continuous measure, and quintiles, aggregating the lowest two quintiles as the referent. Pregnancy outcomes and covariates were defined as described for study I. We used generalized estimating equations with an exchangeable correlation structure to account for correlation across a woman's multiple pregnancies.
Results
As in study I, PFOA exposures were higher in the more recent time period, among older and more highly educated mothers, and among nonsmokers; however, in study II exposures were higher for Ohio births than West Virginia births, presumably reflecting the different geographic scope of the two studies (Table 5) .
Pregnancy-induced hypertension showed essentially no association with estimated serum PFOA based on the uncalibrated estimates (Table 6) . With Bayesian calibration, the logtransformed and categorical measures suggested a positive association, with an increased risk primarily in the 4th quintile. Traditional calibration showed elevated risk in the 3rd and 4th quintiles, but the continuous exposure measures did not indicate an association.
Preterm birth < 37 weeks was weakly related to PFOA levels based on continuous measures in the uncalibrated analyses, but with no gradient across quintiles (Table 7) . Bayesian calibration yielded a similar pattern and traditional calibration yielded no association. Preterm birth < 32 weeks, with only 40 cases, showed some suggestion of an association without calibration, enhanced somewhat with traditional calibration, and markedly strengthened with Bayesian calibration.
Term low birth weight was largely unrelated to PFOA based on exposure measures without calibration, except for an isolated increased risk in the 4th quintile (Table 8) . With both calibration methods, the logtransformed continuous measure showed a stronger association than the untransformed continuous measure. There were also irregular findings across quintiles, but none suggestive of a monotonic gradient. Term SGA was weakly associated with increasing PFOA levels based on continuous and categorical exposures across all exposure estimates (Table 8 ). The continuous birth weight analysis yielded some support for an association (Table 8) , with a predicted decrement of 22 g for an interquartile shift in exposure (95% CI: -46, 2.1 g), and decrements of 25 g (95% CI: -64, 13 g) and 33 g (95% CI: -73, 6.5 g) in the fourth and fifth quintiles of exposure based on the uncalibrated exposure estimates. This pattern was similar for the Bayesian calibrated estimates and somewhat reduced with traditional calibration. No sex differences were apparent [see Supplemental Material, 
Discussion
In study I, PFOA and Pregnancy Outcome Based on Birth Records, we found little indication of an association between PFOA and stillbirth, pregnancy-induced hypertension, preterm birth, or indicators of fetal growth. These analyses had the advantage of relative freedom from selection bias and large study size, but exposure was estimated based only on the residential address reported on the birth certificate rather than a lifetime residential history. Study II, PFOA and Pregnancy Outcome Based on Birth Records Linked to the C8 Health Project, yielded sporadic positive associations but little overall support for an association with pregnancy-induced hypertension or preterm birth< 37 weeks, modest support for an association with indicators of fetal growth restriction, and strong but imprecise indications of an association with preterm birth < 32 weeks. These analyses incorporated better estimates of exposure by using lifetime residential history, but a smaller sample size and the potential for selection bias from incomplete matching of birth certificates to the C8 Health Project. Study I and study II differ in several ways, including comprehensiveness and precision, but exposure assignment is probably most influential: Study II had residential history information for reconstructing exposure, and study I did not. Among the participants in both studies (n = 626), the Spearman rank order correlation coefficient between the exposure estimate based on reported lifetime residential history versus just the maternal residence on the birth certificate was 0.64, reflecting a modest correlation and a clear loss of accuracy in study I.
There is some overlap between the births included in the two studies given the shared geographic scope. More than 70% of preterm and term low birth weight cases in study II were also included in study I because of the comprehensive assessment of these case groups in study I. Fewer than 8% of all study I births, however, were included in study II.
Integrating these findings into the literature, there are three previous studies in this geographic area (Nolan et al. 2009; Savitz et al. 2012; Stein et al. 2009 ) as well as other studies of PFOA and birth outcomes (Apelberg et al. 2007; Fei et al. 2007; Hamm et al. 2010) . The study by Nolan et al. (2009 Nolan et al. ( ) addressed births in 2003 Nolan et al. ( -2005 in Washington County, Ohio, comparing birth weight and preterm birth risk among residents of ZIP codes with varying levels of PFOA in the water.
Stillbirth was examined in our previous analysis of C8 Health Project participants (Savitz et al. 2012 ) and neither Savitz et al. (2012) nor the present study suggested an association with PFOA. Preeclampsia was weakly associated with PFOA exposure in other analyses of this population (Savitz et al. 2012; Stein et al. 2009 ). Study I showed essentially no association between PFOA and pregnancy-induced hypertension, whereas study II provided modest support, primarily with calibrated exposure estimates. Among all pregnancy outcome measures, pregnancyinduced hypertension is the most vulnerable to inconsistent definitions and inaccurate reporting. The C8 Health Project addresses selfreported "preeclampsia" (Savitz et al. 2012; Stein et al. 2009 ) and birth certificates code "pregnancy-induced hypertension," although there is likely to be misclassification in both (60) 227 (56) 64 (65) 213 (59) 2,735 (60) 10.4 (5.3, 44.6) Ohio 100 (40) 178 (44) 35 (35) 149 (41) 1,812 (40) 23.9 (6.6, 81.2) Age (years) < 20 32 (13) 51 (13) 19 (19) 66 (18) 541 (12) 77 (31) 118 (29) 23 (23) 81 (22) 1,320 (29) 15.6 (5.8, 73.1) 30-34
46 (18) 79 (20) 18 (18) 51 (14) 855 (19) 19.0 (6.3, 74.6) ≥ 35
13 (5) 33 (8) 2 (2) 15 (4) 317 (7) 23.0 (6.3, 106.1) Education (years) < 12 26 (10) 65 (16) 24 (24) 86 (24) 605 (13) 8.6 (5.1, 23.1) 12
109 (44) 176 (43) 46 (46) 157 (43) volume 120 | number 8 | August 2012 • Environmental Health Perspectives data sources. Pregnancy-induced hypertension refers to elevated blood pressure with or without protein in the urine; preeclampsia specifically requires proteinuria. When compared with medical records, birth certificates yield sensitivity and positive predictive values < 50% (DiGiuseppe et al. 2002; Lydon-Rochelle et al. 2005) . These largely negative findings should be tempered by recognition of substantial outcome misclassification. Evaluation of preterm birth in previous studies (Fei et al. 2007; Hamm et al. 2010) was hampered by small numbers of cases and yielded little evidence of an association. Previous reports on preterm birth in this study area, whether based on serum measures in recent pregnancies (Stein et al. 2009 ), historical exposure estimates among larger numbers of C8 Health Project pregnancies (Savitz et al. 2012) , or geographic analyses of exposed ZIP codes (Nolan et al. 2009 ) are consistent in showing an absence of association. Study I likewise showed no evidence of an association, but the findings in study II are more ambiguous. Preterm birth < 37 weeks had at most modest suggestions of an association, whereas preterm birth < 32 weeks generated large and imprecise elevations in risk, markedly strengthened by Bayesian calibration to estimate exposure. Although the size of the associations warrant attention, the role of random error and instability across exposure measures must also be taken into account. Previous analyses of reduced birth weight have focused largely on continuous birth weight measures rather than on low birth weight or SGA. Studies of other populations have had limited ability to precisely examine extreme levels of birth weight and have found no support for an association with PFOA (Fei et al. 2007; Hamm et al. 2010) . Two previous studies provided support for an association between continuous measures of PFOA and birth weight (Apelberg et al. 2007; Fei et al. 2007) , and two smaller studies provided less precise statistical indications of modest reductions in birth weight with increasing levels of PFOA (Hamm et al. 2010; Washino et al. 2009 ). Previous analyses in the Mid-Ohio Valley showed little indication of an effect of PFOA on fetal growth (Nolan et al. 2009; Savitz et al. 2012; Stein et al. 2009 ), but studies based on just the C8 Health Project (Savitz et al. 2012; Stein et al. 2009 ) were unable to examine a continuous measure of birth weight. In study I, there was some indication of decrements in birth weight associated with increasing PFOA levels, particularly for male births in the categorical analysis. In study II, all growth indicators-term low birth weight, term SGA, and a continuous measure of birth weightshowed small, inconsistent suggestions of a possible association, which is comparable with the previous reports.
There are a number of issues to consider with regard to possible decrements in birth weight associated with PFOA exposure. First, the studies of typical levels of PFOA (Apelberg et al. 2007; Fei et al. 2007) yield associations that are similar to our effect sizes even though we examined a much greater range of exposure. If there is a causal effect in which the impact is linear at both very low and very high exposures, we would have expected the larger absolute exposure contrasts in the present study to yield stronger associations than those from studies of a narrower exposure range. Second, the previous studies examining typical serum levels of PFOA during pregnancy were susceptible to distortion by relying on exposure measures that reflect the uptake, metabolism, and excretion of PFOA, and may therefore share some physiologic determinants of birth weight (Longnecker 2006) . In contrast, exposure assignments in the present study (except for the calibrated estimates in study II) were based on distinctive sources of environmental contamination and were unaffected by physiologic differences in PFOA metabolism. Third, the physiologic or clinical relevance of these small shifts in birth weight is uncertain, possibly serving as a marker of subtle toxicity, but not of direct importance to health. Not only are the implications of low birth weight subject to varying interpretations (Wilcox 2001) , but shifts within the normal range, which drives the association because most births are within the normal range, are even more questionable as markers of adverse impacts on health.
The limitations in these data warrant comment, with most issues applicable to both studies. Birth certificates are a useful, if imperfect, source of data on pregnancy outcome: Birth weight is generally accurate, more so than gestational age (DiGiuseppe et al. 2002) , with pregnancy-induced hypertension the most fallible outcome. Information on potential confounders was limited to basic demographic information and smoking, though the spatial manner in which the exposure was distributed makes strong confounding by socioeconomic or behavioral factors unlikely. Even the exposure estimates based on full residential histories in study II are subject to error, given the inability to predict with precision the levels of contaminants in drinking water at a given place and time, individual variability in water use and PFOA pharmacokinetics, and inaccuracies in dates and locations of self-reported residences. The magnitude of these errors is exacerbated in study I because of the absence of longitudinal information on residential history.
Overall, we found little support for PFOA having adverse effects on pregnancy-induced hypertension or preterm birth in the aggregate; modest and inconsistent evidence of reduced fetal growth; and large, imprecise indications of an association with early preterm birth. The irregularity across exposure indices and susceptibility to inconsistent variation based on calibration tempers the suggestions of possible causal effects on these pregnancy outcomes. The potential association of PFOA with small decrements in birth weight is of unknown significance, but is perhaps the most readily amenable to more refined studies for continued investigation, with studies of preterm birth < 32 weeks, a rare outcome, requiring nested case-control studies based on stored serum for exposure assessment. If an impact on birth weight is causal, which is yet to be established, it reflects a biological process that is worth elucidating even if not of direct health concern.
